
snvixmmental ToxicologymmChemimmv ~ . 30,wu1. ~ 247-253, 2011 
;# 2010aerAC 

CM" 	 pnnteu inm"uaA 

JAMB R. ELPH|CK ' *yMART|N DAvIB ' ZGUYG|LRON.& E0NUND C. CANAR|A ' y 
BONN|E LO.V8Od H0VVARD C. BAILEYy 

yNauti|usEnvimnmenta|.8OO4CummomoCuu¢Bumaby BC.Canada 
zHatlPeld Consu|tanb. NodhVunouuver, BC. Canada 
&Te k Rmmumes Limited, Vanoouws, BC, Canudo 

Abstract--Bevoted nonnentratimm n[ su|fate occur nummon|y in mnthmpo8enical|y impuded and matund wates. Hoveve[ wate 
qua|ityguide|ines(NQ6)huvenot beend*venpedinmunyjuhadictiono.andnhmniotoxioitydatmareooarcefnrthisanion.Avahetyof 
teeor8anismo, ino|uding opemi*sofimehebrate Psh.algae.mmss.andanamphibiun. wmmtest*dhorohmninbmioitytodem|npambust 
datoaetthatoou|dbousedtodeve|opVVUGs.Asunexomp|eofhmwtheaodatamiUhtbeunedtoestab|ishguide|ines.na|ou|atinnowene 
porformeduoingtwmstundapdpmoeduna: oopooiesoensitivitydi$hbution (S8D)appmuoh.fn||mwing methodsemp|oyed indeve|oping 
CanadionVVQ6s.andooufetyfmctoruppmauh.aocopdingtopm:odunmtypioa||yusedinthedeve|npmentofpmvinnio| VVUGsinBridsh 
Cn|umbio. The intemdion of au|fat* toxioity and vator hapdneso wms em|uated and inooqpooded into the ca|nu|atiuna, resu|dnQ in 
sepandeva|ue»forooft(10-40mg/L). mndeode|y hard(80-1OOmg/L)andhardwator(1O0-25Omg/L).Thereou|dngva|ueswere128. 
844. and 725mg/L su|fate, mape*ive|y, fn||mwing the SSD appmaoh.  und 75. 825. and 875mg/L ou|fate, fo||mwing the sofety fmctor 
appma:h. Envimn. Toxicu|. Chem. 2011;30:247_253. 4 2010 SETAC 

Sdfate uommonly occurs ut o|evated unnuenhaUone in 
weutewotem hnm industho| pmoemseo '  inmno0hnm aghou|- 
tum| emuo '  and in mdura| watam dmining ureao ofoigniOount 
minera|ization. Federa| vvaterqua|ih/ guida|ineo (WQGo) huve 
not buen deve|oped in Canada or the Unitad Stateo fur thio 
enion. Hovvovar '  the pmvinoe ofBritioh Co|umbiu (BC)estab-
|iohed e VVQQ fnr ou|futa nf 100mg/L for the pmtootion of 
aquuho |ife infroohwahor [1].  The aboenoe ofwide|y upp|iud 
VVDGa '  and the peoenoe nfou|futa ate|evatod oonuerdmtiono 
in oume dioohor0ao '  ouggesto a naed forestab|inhing u ouienue-
buoed theoho|d for udveme effeuto u0000iuted with thio 
union. 

TheourrentBCVVOGof1UUmg/Liobuoed|arga|yoneouKn 
fmm toxiuih/ tests uoing three hust upaoiea '  repreoerding un 
invedebrate, u p|ant '  und u Ooh. |n porUuu|ar '  the testa were 
uQG-houn/iva| testuoing Hyu|a||a azteua ' whiuh raou|ted inu 
mediun|atha|uonoontmtinn(LC5O)uf2O5mg/Lou|fateundur 
hundneoo oonditiono of25mg/L (eo CaCOA  u 21-d gmwth test 
uaingtheaquutiom000Fontinu|ioantipyretioa ' whiohindioated 
thot adveme eMecta may nuuur at 100mg/L ou|fute; and u 98-h 
oun/ivu| teotuoing |anm| striped baao(yNopona ouxati|io) ' whiuh 
yie|ded an LC50 nf 250mg/L [ 1 ]. 

Renu|tonfthenetestohovebeenquestionedinthe|itemture '  
inpudbeuauoe ofthoinabi|ityofraoeumhemtoep|iuete them. 
Fnrexamp|e,Duvieo[2]repnrteddatioUoa||ydeteotab|ee#eoto 

°Tuwhmounepondoncemaybea ddmsso 
Uamo*0}naud|usmnvimnmenm|.com). 

Pub|ishodon|ine24Saptembor2818inVVi|oyOn|inoLibmry  

onOrowthandoh|omphyl| unntentofF.anhpyretioaat4OUmg/ 
L ' butnotat2UOmg/Lou|fata.TheoouuthomouggastedthatMho 
higher degpee ofhoxioity oboened by Fruhm [3]'  und inuorpo-
ratod intheBCVVQG [1] ' |ike|ype|uted tuthauoeofpotaooium 
ou|feteinthatstudy ' rutharthanoodiumnu|fete.Potaooium 
exhibito u geater degroe nfhoxioity uo unmpured with Na [4] 
und '  unnoequent|y '  ia not ouitub|u uo u uountepion in uny 
evu|uatiuno ofthe toxioity uf anionn. 

The oenaitive LC50 vu|ue of205mg/L ou|futa fnr H. az±aua 
invery ouQvxatar '  whioh waotuken fmm un unpub|iahed study 
uondudad by Envimnment Cunada (PaoiPo Envimnmenta| 
Soienue Centre '  Nodh Vonoouver '  BC, Cunadu) [1],  wao 
questinnod by Davieo ata|. [5]'  vvho obtained on LC50 va|ue 
of4Q1mg/L ou|fote in a tast with thio opuoieo under oimi|ar 
hundneoo oonditiono (25mg/L).  Duvieo ete|. e|nnoboowed punr 
oun/iva| inunntm| expoaunaohnmanumberoftestouonduoted 
ut thio hurdnean '  ouggasting thut the vvuter qua|ity  oonditiono 
unonuiatad withtho |nw-hapdneoo wuter may have uuuoed streoo 
tnthetestorguniomo. 

Fina||y ' datuohamotorizingou|fatetoxioityto|arvu|sthped 
baoo raported by Hugheo [8]'  und inoorpomtod irdo tho BC 
guide|ine [1]'  have a|no been questioned [5].  Thio opeuieo io 
unudmmouo '  opuvvning inthe |ower eauheo ofrivum '  inu|uding 
estuariao. The optimu| oa|inih/ for |uma| deve|opment in thio 
opeuiea io 10 pptoeowutar ' vvhiohvvou|d unrdain uppmximate|y 
775mg/Lou|fate.Thuo ' theLC50va|uenf250mg/Lnepodedfnr 
ou|fate ionntouppnrted; thio roou|touggestoan effeutnfiunio 
uompooitiun of the ted wutar '  rathur thon nf ou|futa tuxioity. 
|ndeed ' Daviaootu|.[5]neportedimpmvudoun/ivu|ofthinnpauieo 
with inueaoing nu|futu onnoantrationo '  with the highest mte of 
ourvivu|utthahighestou|futeuonuentrationtested(4 ' UUUmg/L); 
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theoe uuthmm poohulated that thm high degee of oemitivity 
nbaemed by Hugheo [6]  wao re|ated to oumobostreooummoiatad 
with uoe ofa |ow-ioniu-stnangth di|utinnwater inthat study. 

/\ gmwing body of evidenua ouggenb thot the hoxioih/ uf 
ou|fate deoreaoeo vvith ino(euaing handnena. ThioeMeot huo been 
demonotratmdineoutetuxioitystudieouoingminbowtmut ' uohn 
ou|mnn ' H.uzteuu ' andDaphniomagnu[1 ' 7 ' 8] ' eowa||uoin 
oub|ethu| tuob, inu|uding embryo-deve|npment tedawith min-
bowtmutund ourviva| und nepmduction tasto uoing D. magna 
[ 1 ]. The meohoniom byvvhioh inno onnstituting woter handneoo 
inQuanuu the tuxioity of ou|feta hao not yet been edub|iohad; 
however '  thiophenumonun |ika|y e|ateohooitharoompetitiun 
fmm other iono ut ionio uptuke niteo inthe gi||,  nren effeut on 
membrane permeabi|ity, uo ouggostad by Penttinen et u|. [B]. 
Reduood tnxioity of u major anion uuuoed by higher water 
handneoo o|ou hoo been rapndad fur anuther maj'or anion '  
uh|ohde '  in oub|etha| tnxiuity testo uoing Cerioduphniu dubia 
[iO]. 

Baoed un the appuent impodanoe uf watar hupdneoo for 
ou|hytetuxioih/andthaoonoemovorthambustne000fkeydutu 
emp|oyed tn dariva the BC VVQG forpmtuotion ofuquatio |ifa '  
udditinnu|efforteppeamvvarmntedtoedab|iohoafe ' uuiantiO- 
ue||ydafonoib|u|ave|oforou|fateinthauquotioenvimnment. 
Cnnoequent|y '  the peoant study wao ounduuted to pmvida u 
unmpehenoiva oetoftoxioo|ogiou| datu ' genemhad uoingstand-
updized testmethndo '  whiuhounbouoedtoastab|iohoufe |imito 
forou|fute undervurying onnditiuno ofhandnooa. 

Test opeuieo und b/peo  wom oe|actad ho muet Conudiun 
Counui| ofKXinistemoftheEnvimnmeni equiremento fur 
e±ub|iohing Typu /\ Canadian VVQGo fur the pmtautinn of 
uquatio |ihs '  uxinU a Speoieo Senoitivih/ Distributiun (SSD) 
uppmuoh [11]. Thiopmoeao requipentoxioitytestdutunf 
ouitab|e quu|ity fnr three Ooh npeoieo (inu|uding at |uaot one 
oa|monid and one non-ua|munid); thnoe aquatio invertebrateo 
(inu|uding ut |eust one p|anktoniu orustauean); at |uust ona 
vaoou|er p|ant or freohwutur u|gu; and aquatio |ife dagao of 
un umphibiun (onnoideed high|y deoimb|e '  u|though not 

Test opecieo, duratinno '  und andpoints wee ohuuen on the 
booio of pruvding u ouitaNe epreoentation of opeuioo h meet 
Canadien Counoi| of &1inistam ofthe Emvimnment equim-
ments [11]  furwhiuh uhmnio expnoueo uou|d bu oonduoted in 
the |aboratory h>||mwing standundized pub|iohad pmoedureo. 
Speuieo ou|uotion u|oo uuonmmndatad oe|eotiun ufopeoieu thut 
have peviouo|y been demonotmtad to be oenoitive tn ou|fute 
(H. udeoa '  F. antipyretioa [ 1 ]). 

Ted or0uniomo ino|udod threo opooieo nf invertabmt o (a 
u|adnuerun [C.dubia] ` undih*r[Broohionuo ua|yoiUonm] ' und 
unamphipod [H. azteoa]) ' threu opeuiuo ofOoh (rainbovv tmut 

J.FiE|phioket al. 

[Onoorhynohua mykioo],00hooa|mon [Onoorhynohuo kioutrh] '  
und fa#)aad minnnvv [Pimepha|ea prome|aa])'  une amphibiun 
opeoieo (PeoiPn tee frng [Pneudaoho regi||a]),  and hwu p|ant 
opeoieo (u gnaan a|gu [Poeudokimhnehe||a ouboapitat ] and 
un aquatiu muon [F. antipyediva]). AJ| tusts wee oonduded 
uuuording to stundun1ized biu|ogiuu| test methndn '  with tha 
exoeptionofthehastsuoingF.antipyretiva ' whiohweebaood 
on pmoedureo deooribed by Duviuo [2]'  end methndo furtesto 
uoing Pauil~ u tnee fmga,  whioh wope udaphod fmm the 0rgan' 
ioatinnforEoonomio Co-opemtiun and Deve|npment (OECD) 
guidunoe for maaouring affects uf thymid-uotive oubstanoeo 
onamphibiuno [12].  Testdumtiono and endpointo ue pmvided 
inTab|e 1. 

Expnouneo wepa unnduoted in oonotant emjmnment momo 
that maintained temperatum within 18C of tha targut tempep 
uture. VVater used inthehastswaodeuh|uhnated munioipa| iap 
watar(handneoonfappmximate|y 15mg/L) ' orwuopmperod by 
aupp|emerding de-ionized or deuh|ohnoted munioipa| vvuter 
with eugent-0rude ou|ts ouoording tu pm*aduren opeui0ed 
inU.S. Emvimnmenta| Prot utionAgenuyguidunoe duuuments 
to nbtain ooft '  modumte|y hord '  hapd '  orvery hand wmter [ 13]' 
withthoexoeption oftestsuoing H.azteua,whiohuuedureoipe 
foroa|tadditionthateou|tedinuhigheruh|nrideoonuuntmtion 
[ 14]. The di|ution wuter for the C. dubia '  B. ua|yoif|nruo '  und 
P. oubuepitatu testswaadeinnizad vvuter prupuped vvithudded 
oa|to '  and forthe emaining opeoiuo wuo deoNorinated munio-
ipa| tep vvatar '  with orwithout the uddi§on ofoa|b;. Hupdneoo 
vu|uoo of test axpuoure oo|utiono uoed for euuh opeuieo ue 
pmvided inTub|e 1. 

Expnoure ou|utinnn inourporuted Ove to aiyht bast uonoen-
tmtiono,inuddidnntutheuontm| ' undfo||ovvudeU.5-nruO.87- 
fo|d di|utinn oeriuo '  and wero prepaed by udditiun nf oodium 
ou|fatetuaohievethetargetou|foteounoentratiuno. Sudium 
ou|futevvaouuednatherthantheou|futeou|isofotheruationo(Ca '  
Mg, or K) bmouuoe Nu io expedad tn oontribute tha |eust tu 
tuxioib/ e|utive to the other oationn [4].  Suboamp|ao wae 
uo||aoted fmm the test oo|utinna ut tho baginning und and of 
euuh of the teda '  and nu|fata uonoentratinno wee oonOrmed 
una|ytiou||y uoing uutnmuted ou|orimetry. Qua|ity uouumnoe/ 
quo|ih/oontm| pmuuduPeaforuno|ytioa| oonPrmotinno induded 
eva|uutionofou|fatein|abomtorydup|ioutaoamp|eoundb|anko '  
uuwe||aainou|fate-npikad|abomtorywa|erundaump|ematrix. 
Duo|ity onrdm| |imibvvere 20% re|ative peruent diffeenue for 
dup|ioutao '  75 to 125% reunvery for matrix opikeo '  ond 80 to 
120Y6 for |ubnratory wutor opikeo. The moun maaoured oon' 
uentrationofou|futewuouoedtnuu|uu|utethatestendpointo. 

C|admcerans 

Chmniobxicity tests using C. dubia were conducted acmrd- 
ing tn Envimnment Cunadu prouedunoo [15]  in2U-m| vu|umeo 
in 25-m| g|aoo test hubao. Expooumo of aaoh oonoontrabon 

Tabo1.Gummuryufto*:itytestsusedintheuquadob«iou|ogimdavuuationofsu|fato 

Tostspemieo Tostdumdon Testendpuint(s) Hordneaes teoted (mg/L) 

Cahodaphnia dubia 7 	1d Sumivo|. mpmduodon 40. 88, 188, 320 
8raohiunus oa|yoiOoms 49h Popu|ation Qmwdh 40. 88, 188, 320 
Hya|e||a aztooa 06h Sumiva| 25, 80 

14d Sumivo|. gmwth 88 
Onoorhynohus kisutch 10d Embryo dovo|upment 15 
Onourhynohus mykiso 21d Embryn/a|evin deve|opmont 15 
Pim*pha|oo pmme|ao 7d 8urviva|. gmwth 40. 08, 180, 320 
Psaudaoris rogi||a 21d Gup4vu|. gmwth 15. 80 
Ps*uduhimhnarie||a suboapitata 72h Pupu|atiun Qmwdh 10, 80. 320 
Fontina|io antipyretioa 21d Smvdh. nh|omphy|| 15 



uumphsed 10 rep|iouteo '  eauh initiated vithasing|e |eoo-thun-
24-h*|d daphnid oNuined hnm in-house ou|tupao. Theorgun' 
iomoweeuu|turedattheooreoponding testhepdneooforat|eust 
hwo gonerutiono befoe initiution of th* teda. So|utiono vvee 
enewed vvith feoh|y pepurud oo|utionu dai|y '  ut whioh time 
thay were fed a mixture of P. ouboapitata oe||o and digested 
yeust ' Camphy|,  und(mutohow. Expnouranwere oonduotad ut 
258C under u 16:8h |ight:dark photupariod. Sun/ivu| and 
epmdudive outputwareeoopded dai|yforthe7 1-ddunatinn 
ofthe tasto. Expoouneo wee terminated untho day thut ut |east 
60Y6 of the oontn| organiomo pmduoad their thind bmod. 
/4oueptab|u |imito furunntm| perfonnanoe wem 80Y6 orhigher 
oun/ivu| und pmdudion uf et |east 15 uffspring by ourviving 
uontm| nr0uniomo pmduuing thee bmodo. 

Ruifern 

Brauhiunuo oa|yoiflunm tesb wepu oonduuted under datiu 
ounditiono for 48h in u ou|tuna p|ute uuing a 0.5-m| expnoura 
vo|umu und eight rep|iuuteo peroonoentratiun '  euuh ountaining 
onemUfar[18].Thetestwuoinihuiedwithor0uniomothatwape 
|aoo than 4h o|d '  and oo|utinnu wee oupp|emented with 
P.oubuapitataaofnuduttedinitiatinn.Expooueoweeuon-
duuted ut258C inthe dark. Deopite iispo|utive|y ohortduratinn '  
thio (ast in onnoidemd e uhmnio tast beuauoe of tha ohnd |ife 
histury ufthio oq]aniam'  and the fout thut the muthud inourpn-
mtad u epmduutive endpoinL within thio timeframe. The 
uuoaptab|u |imitfnruontm| performunue wuo u meun intrinoiu 
mte of popu|ution inureuoe of1 07 

Aout (96-h)andohrnio(14-)tuxoih/testousingH.azteua 
were uonduuted uoing emphipodo obtained frnm Aqmdio 
Biooystemo (Fnrt Co||inn '  CO). Chmnio b>xioity testo with 
thio opeoieo wore oonduuted uoing o|eun oediment onmprioing 
beuuh'on||euhud aund '  rinaedvvith|uboratoryoon1m| wutar ' und 
aupp|ementedwithpuotatamteof2Y6byweight.Testmethodo 
wepe mndiOud fmm Envimnment Cunadu pmoodueo thut 
unetypioa||ymmp|oyed (oevu|uetaaedimenttoxioity[17] '  
by inoorporating hest on|ution mnewu| thrae timeo per week 
thmughout expnoue vvith freoh|y prapured'  ou|h*ta-opiked 
wuter '  ut whiuh time yeust ' Cemphy|'  and tmut ohnw wee 
uddudunfnod.Theoetestoweeoonduuteduoingfourrep|ioatau 
per unnoentmUun in g|aoo]um onrduining 100m| oonbn| oadi-
ment and O||ed tn 275m| withthetestoo|utiono. The expnouneo 
woreoonductedat238Cvvithu1G:8h|ighi:darkphotopariud. 
Sun/iving amphipndo wure dried at tha end nf tha test on 
peweighed e|uminum wei0hbnoto '  und dryweight  wao doter- 
mined. Aoute expooureo uuing thio upeoieo wem uonduoted 
in 200-m| vn|umen ing|uuo]emvvith no oo|ution renewa| and 
feedingat(estinitiuhonundafter48hoxpnoure[17].Bothauuta 
und ohmniu expooureo wee oonduoted uuing 10testorganiomo 
perrep|ivate. /\000ptab|e |imitn foroontm| parformunue wee 
90Y6 orhigheroun/ivu| inthe uuute expnounao '  90Y6 orhigher 
ourviva| '  und at|east 0.1mg uverage dryweight  peror0uniom 
in uhmniu expooueo. 

Fiah (so|monid) 

Toxioih/ testo with rainbow hnut und ooho oa|mon were 
unnduuted uouording to pmoedunao doouhbed by Emvimnment 
Canedu for audy |ife dageo of oa|monida [10.  Tusts wmne 
initiatad |eou than 30min aftar dry  ferti|izatinn ofthe eggo; 
gometeo fnrthaoe teob were obtainod fmm the FraaurVuUey 
Tmut Habhery (Abboftoford '  BC '  Cunada) und the Capi|ano 
Hutohary (NorthVunuouver '  BC '  Cunadu) '  peopeutive|y. Ruin- 

bow hnut und cohn sa|mon ware each expnoed using four 
pap|ioeteo of3U embryuo in2-Lvu|umeo; ouho embryno wae 
expooed at11RCfor 10d ' and minbmw tmutwee expuned ut 
148Ch>r31 d. So|utionu vvora enewed doi|yund gent|y uerated 
thmughuut expnaure. Tho endpuint fortho ooho ou|mnn test 
(embryu deve|opmeni) wuo norma| embrynnio deve|opment 
und for tha minbnw tmut |ast (embryn-a|avin deva|opment) 
waonorma| ' hutohedOoh.Acceptab|a |imibforuontm| podbrm-
unuu wee ut |east 65% viab|e a|evino intha minbow tmutted 
und ut |eust 70Y6 norma||y deve|oped embryoo intha uoho test. 

Fiah(non-su|munid) 

Fatheadminnow testsweeconducted according toproce- 
dureo deouhbed byEmjmnment Canada [10]'  invo|ving a 7-d 
expoouroinitiatedwith|aoothan24hpost-hatchOoh.Lunm| Ooh 
wee obtained from Aquabo Biooyotemo. Testswee uonduoted 
uoing thrae pep|iouteo in 300-m| g|uoa ]am onntuining 250m| 
ou|utiun und 10 Ouh perep|iuuta and woro axpnoed ut25DCend 
under u 18:8h |ight:dark photopuriod. Fioh wore fed with 
Artemia oa|ina naup|ii '  und on|utiono wero enawud dai|y 
thmughouttheexpooum perind. At theandofthotest ' oun/iving 
|unmeweredriud overnight nnpreweighed a|uminum puno'  and 
thenvvoighed. Endpointa hnm tha testwore ourvivu| end bio-
mauo '  and aooeptab|e onntm| performunue |imitowure at|east 
80Y6 normo| oun/iving Poh und ut |eust 025mg dryweight  per 
ourviving Poh. 

~~~~ 
Tests using Pseudaoho regiUuwere conducted acmrding to 

methno adupted hnm Me Organisatiun h>r Emnomiu Co- 
nperadun and Devu|opmerd 0uidanuo fortasts uaing the hnO 
opuoieoXennpuo |aevio [12]. Tedawere initiated vvithtadpo|uo 
(Gouner stagu 29) hatohed fmm eggothatwem Oe|d-oo||ucted 
fmm a pond neur Squamioh '  BC '  Canada. Thu tests vvere 
uonduotod uoing threu mp|ioutao with Ove tadpo|eo in eooh 
ep|iuute.Testoontainemvvonog|uoo]amouniaining1Ltest 
oo|ution ' vvhiohvvaoaamhedthmughoutthetest.Expooureawere 
uonduotad ut 238C under a 16:8h |ight:durk photoperind. The 
tastorganinmowerehyddai|ywithSecaMiomn.Tustandpninto 
inu|uded oun/iva| and wet wei0ht '  ond oriteriu forauueptab|e 
uonim| pedormanue inu|uded ourvivu| ofut |eust 90Y6. 

Algue 

Toxicity testsming P. subcapitata wmre conducted accord- 
ing(opmoadumo denuhbod byEmvimnmoxt Canodu [20].  Tests 
weneoonduded ut24DCunderuontinunuo|ighdwithintanoityof 
4,000 400 |ux. Expnoueo were perfbrmed in 98+we|| U-
ohaped miump|atea and were initiahed with a dunoity nf 
10,000 oa||o/m| '  obtained fmm enin-huuoe ou|ture inexponen-
tio| gmwth phaoe. Fnur rep|ioateo wem uoed fur the tast 
oo|utiono. Denoityofu|0a| oe||onftheendnftha72-hexpooure 
period wuomeuoured '  uoing uhemuoytometor '  undtheendpoint 
fmm the|astvvao ou|ou|utad onthe baoia ofoe|| yie|d (inoreaoe 
inoa|| denoih/).  A000ptab|u oontm| performunue wuo baaed on 
uuhiaving ut |east e 18-fn|d inoreaou in ue|| denoity '  with u 
uoefOuient ofvuhution of2OY6 or |eoo. 

Mos 

Toxioity testing using F.anhpyretica foUowed procedures 
duouhbed by Dmvien [2].  Tusbwere unnduoted in3OO-m| g|aao 
]um oordainimg 150m| testou|ution ond Ovu 2-om apioa| tipo in 
auuh nf four rep|ioateo. Test oo|utinno wae enewed ut 7-d 
intenm|o thmughout the expooue period. The expuouneo wepo 
uonduded ut148Cunderuordinuouo |ightof1'3DDtn1'8DU|ux. 
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Test endpniNs were |engdl ' dryweight'  end oNomphyl| oon-
tent.Dryweig|dmmomeoounedonthnaobpouliasthunninoUnn '  
u#ardrying fnr24hnn p(ewei0hed e|uminum puno; two tipo 
(the |nngest und ohurtest fmm oaoh rep|iouta) vvem poo|ed and 
uxedfurthemauourementufoh|omphy||oAandB. Ch|umphy|| 
meuouremonb vvere uonduoted uoing opeotmphohometry uftar 
digestion in uuetone. Teob uaing thio opeuieo vvere oonduoted 
nn hwo ououoiono '  uoing m000 on||euted fmm Haze|bne and 
Muoqueum Creeko (BC'  Canada). Duurditative oriteriu for 
uoueptab|e oontm| pedbrmanoe have not baun estab|iohed for 
thiohoot;uonoequent|y ' thateotvvuounnoiderudaooeptab|eiftha 
mnootipo intha unntm| expooureo uppeued tn be hau|thy. 

Statistioa| unu|yseo 

StatiaUoa| una|yoea wee onnduoted using CET|S (Tidepno| 
Sofbwum) and aooun]ing to pmoedureo duoohbod by Emvimn-
mentCunadu[21]forou|ou|ahng pointustimuteoandhypotheaio 
testo. Sun/iva| and norma|ity dutawee ano|yzed uoing pnobitur 
|ogit mu|§p|e |ineur estimabon '  whem p000ib|e '  and quuntitu-
tive dutu fnr repmduotion and gmwth we|e ana|yzed uxing 
non|ineor mgeaoinn inouoen invvhioh modu| uooumptiunn wene 
met. Unear inturpo|utiun of |n0-tranofnrmed data wuo uoed in 
uuoeo in whioh the aoaumptiono nftha mnde|o deouribed were 
notmet. Speoieanenoitivity disthbutiono wee uu|uu|oted uoing 
CET|S bymu|tip|e |inaarestimetinn egeooion. Log-|ugii  |ug-
normu| (Pmbit)'  |o0-Gompedz '  ond |ng-ung|e mnde|o vvam 
tasted '  und the best Otwaa oe|ocied on tha buuio nfthu |owad 
Akaike information oritarion vu|ue '  whioh pmvideo u e|utive 
meuoure ofgoodnaoo of Ot ofvuriouo modu|o. 

Themsultsofu||toxicitytestsmpnrtedhereinmetnequim-
mentsupeuiPmd ineuohnfthmtadmethodoforountm| perfonn-
unoa '  and waterquu|ity parametam remuined withinthe mngaa 
opeui0ed in the ourreoponding test methudo. Dua|ity oontm| 
|imitofnrunu|\diva| ohemistryweeuohievud furdup|ioute 
meuauramento '  opikuo '  und b|anko. Meuoued oonoentmduna 
nfou|fute wee oonoistent with numina| va|uoo (Tub|e 2)and 
ohowad minimu| depudue bebwamn teot initiatinn und tarmi-
nation ~ ~na| vu|ueo wee iO1 UQY6 uf initia| vu|ueo in the . 	 ~ 

teda. Pmoenoa ufoediment inMhe heot uaing H. azteoa did not 
uppeartu in8uenoe the wuter on|umn uonuentradun nfou|fote. 

The genmetriu meunn of LC50 vu|ueo for H. aztena vvee 
819 und 2 ' 099mg/L nu|fate for toob ut 25mg/L (nl/45) and 
80tu 100mQ/L hapdneoa (n1/48)'  eapeotive|y, demonstrating a 
3.4-fo|d uhange in toxioity u0000iatad with u oimi|ur dagma 
ohanga in handneoo. Theoe va|uen uru oimi|urtothooe repuded 
by Duviuo und Hu|| [7]'  who eported LC50 vu|uao of5GQund 

Tuble 2. Measured concentrationso[ou|fate asapamentoaufnomimdin 
tegso|uVons" 

Meooued su|fateasopom*nto auf 
Gpecies 	 nominu| (moun SD) 

Cmiudaphnia dubia 104 	22 
Bnmhiunuooa|yoif|ums 87 	7 
Hya|el|aazt*a 08 	22 
Onoorhynohuo hisobh 01 	8 
0nourhynohus my iso 03 	0 
Pimopha|es pmme|as 87 	14 
Pseudaorio ngiUa 97 	3 
PomudoNmhnohoUa suboapitata 07 	3 
Fontina|ia andpymdoo 102 	10 

"Values are presentedasumeamandstandarddeviation formeasurements 
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1,580mg/L su|fate at hardness of25and75mg/L ' respective|y. 
The LC50 va|ues for water with u hurdness nf 25mg/L were 
mora thun bwofn|d higherthunthe 205-mg/L vu|ue usmd inthe 
derivutionofthaourrentBCVVOGh>rou|fate[1].ThiodiMep 
enoe may bo re|uted h differenoeo indi|ution vvoter uoed inthe 
testo;foruxamp|e ' uh|oridehaobeennotadtnuffeotthatnxiuity 
ofou|futetuH.ezteoa[8]. 

Reou|to of aub|etha| toxioity testo oonduuted during the 
uurrent study are oummarized in Tab|a 3; pnini edimateo are 
pmvided foru1OY6 ' 25Y6 ' und 50Y6effeotne|uhvetotheunntm|. 
Pmoedureo for duve|npimg Canadian VVDGa indiouia that tha 
mootuppmpriuto effeot ounuentmtion orinhibition onnuuntm-
tion va|uen e&eoting the tuxiuu|uyiva| thmoho|d hnm the test 
ohou|d bu uued for ou|ou|uting SSDa '  vvhem avui|ub|e [ 11 ]. 
|deu||y '  hanth pementi|e effeot |uvo|n ure preferred; hovvever '  
intarpeting the oigniOounue nf |anth pementi|e duta equieo 
uuution in oome xuoeo '  beoeuoe the unoodainty uf statistioa| 
ua|uu|ution inoeuoeuoubdantie||y inthetai|oofthedistribution '  
und |ong-term |uboratory tnxioityhestorane|y hevethastatistioa| 
oenoihvitytudu|aotu1UY6departurefmmoontm| performonue. 
Theuppmuuhtukenhereinvu|veothauxeofUle1OY6inhibition 
uonoantrotion or 10Y6 effeot ounuontmtinn vu|ueo ao tha tux-
ioo|ngiuu| threohu|d inoa000invvhiuhthiova|uuexoeedudthenu 
oboenmd effeut oonoontration hnm tho|ast. |nouoen inwhiuh 
the tanth pemenii|e point estimate wao |uwer thun the no 
nboenmd effeot oonoentration '  the toxioo|ogiva| threohu|d 
wuo unnoideed to be the 25th peounti|u eMeot |eve|o (25Y6 
inhibition oonoanbatinn [|C25] nr25Y6 effeot oonoerdmtinn) 
fmm the test '  beoauoe the dutaoat wuo not ounnideed to be 
oufOoiant|y mbust k) derive u 10Y6 inhibition unnuentration 
va|ue with aouituNe dugpee ofoon0danue. 

Ao ubnemed in auute testx uoing H. azteua '  oub|etho| testo 
unndudad at differinA hardnaoaeoa|oo indiouted denreuoing ou|- 
fatetoxioib/withinureuaingwatarhurdneonformnstnftheapeuieo 
tested in the uurrent study. Fnr exump|a '  biomuoo nf futhoad 
minnowo and pepmduutionofC. dubiu axhibited anappmximate 
fourfo|dohangeinnenoitivitytoou|fabaaumooufuurfo|duhangein 
handneoo (fmm4O-18Omg/L hardneoo)(Fig. 1). 

Exoep1iono b) thio genera| puftarn were P. ouboupitatu 
(a|gue), B. uu|yoif|oruo (mtihyr)'  und P. regi||e (umphibiun)' 
whiohexhibitedminima|uhungeoinaenoitivi(y0onu|fatevvith 
inunaooing hardneuo. Thio di0erenoe muy e&eot phyoio|ogiou| 
diffeenueo amnng nrganiomo. Forexump|e '  a|0ae uooumu|uta 
ou|futaintothairoe||obyootivetmnoport ' giventhatau|fateio 
n*quiped bythe ue||oto pmduue ou|fupunntaining amino uuido '  
ouohuomethioninm andoysteine [22].Thux '  uptakeofou|fute by 
thene oe||o iogovernod by W1iohoo|io-K4antan kinetiuo '  inwhioh 
thenumbernfaotiveup1akeoitao|imitothemaximu| uptukarate '  
undpa|ativeuonoentratiunonfotheriunovvou|dnntbeuxpecied 
tointadepewithuptake kinetiuoun|aootheyunmpateforbinding 
oiteo. Convume|y '  fmohwater Poh upparent|y huve no aotive 
meohaniomforou|hateuptakaoregu|ationatthagi||,und 
ou|fute uptake |ike|y oouum by puuoive diffuoion thmugh inn 
uhanne|o. Deumaoed hoxiuih/ ufau|fute (o theoe or0uniomo with 
inomaoing ionio stnangth thaefnre muy oouur ao a eou|t of 
uompetihve uxo|uoion byutherinnointhoaaohanna|o '  oreffeuto 
ofou|uium on ue|| membmne permeabi|ity [ 0]. 

VVhether amphibiuna have uutive uptake oiteo for ou|fute 
io not knuwn '  but that mey exp|ain why P. regi||a woo nut 
oubstaniia||y moe oenoitive hn ou|fate undar ooft wutar oon-
ditionn. |nterestinO|y '  gmwdh of P. regi||u todpo|uo wao oig-
niOoant|y anhanoed in non|etha| onnoontrationo nf ou|fahe; 
expooure to 1 ' 000mg/L nu|hate pmduoed todpu|un thut wepe 
uppmximate|y 30Y6 hauvier than uordm| tadpo|eo under both 
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Table 3. 	Responses of various aquatic organisms  to waterborne sulfate, at different hardness levels a  

Species Endpoint Hardness EC10 or IC10 b  EC25 or IC25 EC50 or IC50 NOEC LOEC 

Ceriodaphnia dubia Survival 40 NC` NC 914 (809-1,030) 610 1,300 
80 NC NC 1,267 (1,026-1,566) 1,250 2,000 
160 NC NC 1,551 (1,297-1,855) 1,300 2,600 
320 NC NC 1,619 (1,364-1,920) 1,450 2,700 

Reproduction 40 137 (71-204) 246 (172-326) 465 (358-592) <150 150 
80 622 (NC-813) 855 (601-1,036) 1,129 (990-1,269) 645 1,250 
160 1,174 (1,153-1,188) 1,212 (1,206-1,219) 1,257 (1,248-1,267) 775 1,300 
320 402 (331-481) 542 (455-640) 843 (710-1,003) 420 480 

Brachionus calyciflorus Reproduction 40 703 (158-1,013) 997 (739-1,115) 1,214 (1,083-1,308) 950 1,800 
80 245 (148-744) 1,824 (721-1,921) 2,200 (2,089-2,277) 510 960 
160 678 (258-1,059) 1,292 (1,078-1,766) >1,800 560 1,100 
320 844 (795-1,174) 1,027 (900-NC) >1,800 1,800 >1,800 

Hyalella azteca Survival 80 2069 (NC) 2,246 (NC) 2461 (NC) 1,637 2,412 
Reproduction 80 380 (NC-626) 1,056 (NC) >2,412 1,637 2,412 

Oncorhynchus kisutch Embryo 15 941 (803-1,062) 1,264 (1,128-1,391) 1,755 (1,607-1,921) 825 1,450 
Oncorhynchus mykiss Embryo-alevin 15 356 (256-433) 501 (407-582) 734 (640-823) 205 340 
Pimephales promelas Survival 40 559 (293-805) 933 (601-1,230) 1,649 (1,255-2,097) 595 1,250 

80 1,555 (869-2,032) 2,183 (1,499-2,634) 2,938 (2,359-3,385) 1,300 2,850 
160 3,231 (2,084-3,840) 3,801 (2,817-4,356) 4,553 (3,827-5,157) 2,850 5,500 
320 2,451 (1,129- > 5,250) >5,250 >5,250 2,900 5,250 

Biomass 40 388 (187-553) 752 (537-943) 1,244 (1,047-1,449) 595 1,250 
80 1,342 (NC-1,926) 1,950 (915-2,485) 2,591 (2,211-2,975) 760 1,300 
160 2,491 (NC-2,934) 3,077 (2,525-3,541) 3,892 (3445-4397) 1,300 2,850 
320 1,323 (297-2,656) 3,463 (1,953-5,473) >5,250 820 1,400 

Pseudacris regilla Survival 15 719 (234-1,041) 1,190 (750-2,002) >1,850 978 1,850 
80 985 (146-1,302) 1,205 (363-1,510) 1,507 (907-1,963) 1,075 1,925 

Growth 15 1,342 (NC-1,905) 1,560 (NC-2,079) 1,853 (1,646-2,082) 978 1,950 
80 1,252 (NC-1,492) 1,348 (NC-1,649) 1,510 (1,217-2,167) 1,075 1,925 

Pseudokirchneriella Cell yield 10 700 (NC-1,256) 1,112 (262-1,325) 1,430 (1,206-1,637) 1,100 2,000 
subcapitata 

80 1,345 (NC-1,532) 1,763 (936-2,170) 2,742 (1,871-3,221) 1,200 2,700 
320 1,377 (NC-1,582) 1,727 (1,371-1,983) 2,518 (2,093-3,007) 1,300 2,800 

Fontinalis antipyretica Chlorophyll 15 (test 1) 53 (NC-261) 176 (NC-320) 298 (158-1,014) 145 300 
15 (test 2) 716 (680-750) 820 (777-920) 1,029 (931-1,288) 654 1,240 

Growth 15 (test 1) 531 (243-818) 849 (600-1,034) >2,575 603 1,250 
15 (test 2) 297 (NC-1,025) 828 (335-1,040) >2,522 654 1,240 

a  Responses are presented on the basis of 10 tn  2 g h and 50 th  percentile effect concentration (ECx) or inhibition concentration (ICx), as well as no observed effect 
concentration (NOEC) and lowest observed effect eoncentration (LOEC). 

b  IC10 and EC10 values were not considered sufbciently robust for use in guideline calculation in cases in which they were lower than the NOEC. 
` NC YQ Not calculable. 

hardness regimens tested. Thus, tadpoles of this species may 
have an active uptake mechanism for sulfate, and this anion may 
be utilized beneacially in metabolic processes. 

At the highest hardness tested (320 mg/L), a continued 
reduction in sulfate toxicity to fathead minnows was observed 
relative to tests conducted at lower hardness values. However, 

C. dubia exhibited increased sensitivity to sulfate in this water 
relative to tests at a hardness of 160 mg/L. Likely the overall 
ionic strength of the test solutions in this very hard water type 
resulted in an osmotic challenge to this species that, combined 
with elevated sulfate concentrations, resulted in the adverse 
effect. This relationship also has been reported for chloride [10], 

10 	 1000 

Fig. 1. Relationship between sulfate toxicity, presented as the 25 th  percentile inhibition concentration (IC25), and water hardness fortoxicity tests with fathead 
minnows (Pimephales promelas) and Ceriodaphnia dubia across a range of hardnesses from 40 to 160 mg/L. 



J.FiE|phioket al. 

m 

where ustmng |og-limear re|ationsNp wasoboerved betwe n 
handneoo und tuxioih/ nfthio union aomon a mnge ofhendneoo 
va|uea up ho 180mg/L '  with inureuoed oenoitivity oboemed ut 
320mg/L hardneoo. 

Aquatio tnxiuity datu genemtad in tho ourrent study, und 
thooe u|noady puNiohed by Sing|eton [1],  oun be uued ho 
ua|ou|a|euwuterquu|iiybonuhmarkforou|futathate8edo 
aub|atha| testendpointo und inonrpomteo han]neoo unatoxioity-
modifyingfaotur.VahouoVVDGofnrmetu|o ' ouuhaoCuandZn '  
have inoorporuted unequotinn forhendneootu pmvide ameoh' 
unixm to arUust the generio guide|ino boued on oite-npuoi0o 
handn000 oonditinno. Thio appmuoh unoumeo that tha ne|ution-
ohip between huxioih/ und handneoo iogenem||y oimi|arumonQ 
or0uniomo.|ntheoaoeofou|fute ' thedutupeountedheeund 
e|oowhae [1'2'5'7'8]  demunotrute that must or0uniomo uxhibit 
eduoed oenoitivity to ou|futm with inuruaoing hapdneuo. Hnw-
evec the a|npeo nfthio re|utionohip vvere not oonoistant among 
opeoiuo. Conaequent|y '  tha uppmaoh taken inthio studywootu 
uu|ou|uteuguide|inebuoedondutaovai|ab|eforooftwatar(1O-
4Umg/L hurdneoo) '  moderate|y hand vvoter (80-100 mg/L)'  and 
hand wuter unnditiuno (150-250mg/L). 4t higher handnaoo 
vu|uen ' tntu|diaoo|vudoo|idomoyooniributetuudvemeeffeoto '  
und ' unnoequent|y '  uoingoite-npooi0o appmuuhentuastab|ioha 
guido|ine undertheoe uunditiuno vvou|d be mnre eppmpriute. 

Tha ournent BC VVQG forpmteution ofaquatio |ife [1]  wuo 
ua|uu|etad buoed |urge|y on the upp|ioution nf u hwofn|d oafeh/ 
margintoeou|tofmm ununpub|iohed uuutatnxiuitytestreou|t 
forH.azteoauf2D5m0/L ' poou|tinginuguide|inenf1UUmQ/L 
[ 1 ]. Thiovu|ue u|oohook into uonoidomtion data foranaquatiu 
muoo (F. antipyretiva) and |unm| striped baoo (yN. ooxati|io). 
Convmmu|y '  the reou|to peoented inthiostudy demone±ruie thoi 
H. azteou io notthe most oenoitive opaoieo; daphnido woe tha 
mnst oenoihve opeuiuo tested in eaoh nf the hardneoo mngeo '  
with|C25vo|ueouf245mg/L(C.dubiu) ' 833mg/L(D.mugna; 
dota fmm Sing|eton [1])'  ond 1 ' 213mg/L (C. dubia) ut hard-
neoneo uf 25 '  80 '  and 180mg/L, reupeutive|y. |n deve|oping 
VVQGo '  the BC Ministry of Envimnmont typiou||y  upp|ieo 
bebween uhwufn|d und 10-fo|d oafety murgin be|ow the |ovvast 
uvoi|ub|e|owestobaewedoffecioonoentration; ae|eutinnofa 
oafety margin dependo nnthe quu|ih/  end  quardih/  nfovei|ub|a 
data '  oeverity ofudveme effeoto, ond tha potantia| forbiuuoou-
mu|ution [23].  |n the uuoe of thio dataoet '  in whioh oub|atha| 
tnxioity duta ure avai|ab|e foru number ofoenoitive opeuiuo '  u 
hmufu|d oafety murgin uppuum tu be appmpriate; thio uppmauh 
iouonoistentwiththauurentBCwuterquu|ityguide|ina forthio  

union '  whoh uxeo e oufety fmctor of 2. Thio upprnuuh wmuld 
eou|t in guide|ineo for ouft '  mudemt |y hapd '  und hapd watar 
uonditiona uf 75 '  625 '  und 850mg/L au|fute, mopeotive|y. 

Ana|harnutivu appmuoh hodmriving VVQGo invo|voo Ule une 
of SSDn. Thio eppmuuh ia uurpent|y emp|nyed in ou|ou|uting 
fodam| VVQGo inConadu [11]  and o|oewhepe [24'25].  Canadiun 
VVQQn aro edob|iohed uatha hazard onefOoient uoaooiated vvith 
the5thpamenti|e nfthaSSD[11].Thadistributinno ofuvui|ub|a 
tnxiuo|ogiou| thneoho|d data undor ooft, mnderute|y hapd '  and 
hund vvaterunnditiono ue pnovided inFig. 2und uediouuooed 
furthar in |uter pumgmpho. 

Datauvui|ub|aforooh-wuteronndi(ionoinu|udodtastpuou||s 
forun aquatio m000 '  a unioe||u|ur green u|ga'  bmn p|anktonio 
invedebrateo '  thnoe Puh (ino|uding twn na|monido) '  und an 
umphibian. The hazun1 ooefOoiunt uaonuiuted with the 5th 
pomenti|e nf the SSD oa|ou|utad fmm thio dutaoet wao 
129mg/L ou|hate (|ng-Qompertz mnde|). Thio va|ue pmvidmo 
u ouitab|e dogea uf pmtootion fnr the mnst oenaitive opeoieo 
epeoontad in thio dutaoat (C. dubia) '  whioh yie|ded u tnxiuity 
theoho|d of245mg/L. Thiova|ue ioa|mosthmufu|d higherthan 
tha guide|ina uu|uu|uted uoing the BC uppmauh. 

Mudorate|y hardwaterguide|ine 

Results of tests condmted at between 80 end 100mg/L 
hondneoo (moderate|y hanj-water ounditiurm) were uvui|ub|o 
fnr bwo o|adooamno '  e mtifer '  un omphipud'  a green a|gu' 
hwo Puh '  end an amphibian. The hazand ooefOuient a000uiatad 
with the 5th pementi|e ofthe SSD oa|ou|eted fmm the SSD of 
thedutaaetvvoo644mg/Lou|fote (|ug-|ngitmnde|) ' whiuh 
pmvideo uouitab|u |eve| nfpmteotinn be|uwthe mostoenoitive 
tost enu|i whiuh wan un |C25 of 833mg/L for D. magnu. 
Furthermore ' thiova|uewaooimi|arhntheguide|inaofG25mg/L 
ou|fate uu|uu|uted by uoing tha BC uppmauh. 

Hurdwaterguida|ine 

Tuots oonduoted in hand water, orbihah|y gmuped uo testo 
oonduuted in wutem of between 180 und 250mg/L '  wee 
avui|ub|eK>rhmuu|adooaruna ' umtifar ' undhwoopeuiuoofPuh. 
Tha huzopd ooefOuiant uoouoioted vvith dle 5th pemerdi|e ofthe 
SSDoa|ou|atodfromthioduhaoat(|ug-ung|umode|)wuo725mg/ 
Lou|hate ' whiohpmvideoaouitab|e|evo|ofpmteotionbe|nw 
tha mnst oenoitive |C25 of 1 ' 213mg/L for C. dubia '  und io 
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similar to the guideline of 650 mg/L calculated using the BC 
approach. 

CONCLUSION 

Development of WQGs requires a robust dataset of toxico- 
logical thresholds representing a broad range of sensitive test 
organisms representing those that occur in receiving water 
bodies. The battery of tests needs to include sublethal exposures 
to ensure that resulting guidelines are suitably protective. Data 
should be of primary quality, which requires that the tests be 
conducted according to standardized procedures; analytical 
conarmation of actual concentrations to which test organisms 
are exposed; and the tests meet quality control requirements for 
health and sensitivity. 

The data presented herein provide a dataset that, we propose, 
meet these requirements. Furthermore, the data demonstrate 
that sulfate toxicity is dependent on concentrations of other 
major ions, with a general reduction in toxicity associated with 
an increase in water hardness. Thus, accommodating hardness 
as a toxicity-modifying factor appears to be appropriate in 
establishing water quality guidelines for this anion. Calculation 
of guidelines for soft, moderately hard, and hard water con- 
ditions using the BC and Canadian Council of Ministers of the 
Environment approaches for development of WQGs resulted in 
generally similar results, although under soft water conditions, 
the BC approach provided a guideline that was approximately 
twofold more conservative than the Canadian Council of Min- 
isters of the Environment approach. 
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